The relationships between key features of the cardiac electrical activity, such as electrical restitution, discordant alternans, wavebreak, and reentry, and the onset of ventricular tachyarrhythmias have been characterized extensively under the condition of constant rapid pacing. However, it is unlikely that this scenario applies directly to the clinical situation, where the induction of ventricular tachycardia (VT) typically is associated with the interruption of normal cardiac rhythm by several premature beats. To address this issue, we have developed a general theory to explain why specific patterns of premature stimuli increase dynamic heterogeneity of repolarization and precipitate conduction block. The theory predicts that conduction block is caused by (1) creation of a spatial gradient in diastolic interval (DI) by waves traveling at slightly different velocities (ie, conduction velocity dispersion) and (2) amplification of the spatial gradient in DI over subsequent action potentials, secondary to a strong dependence of action potential duration on the preceding DI (ie, a steep action potential duration restitution function).
Electrical restitution and spatial dispersion of repolarization
Given that sudden cardiac death remains the leading cause of death in the United States, the mechanisms underlying the development of VF continue to be an area of intense scientific interest. Although several theories regarding the cellular electrophysiologic mechanism for VF currently are being evaluated, [1] [2] [3] substantial evidence has accumulated over the last few years to suggest that fibrillation is a state of spatiotemporal chaos consisting of the perpetual nucleation and disintegration of spiral waves, 1, 3 in association with a period doubling bifurcation of local electrical properties. [4] [5] [6] Nucleation of the initiating spiral wave pair is caused by local conduction block (wavebreak) secondary to spatial heterogeneity of refractoriness in the ventricle. [7] [8] [9] Until recently, spatial heterogeneity was thought to result solely from regional variations of intrinsic cellular electrical properties 9, 10 or from stimulation at more than one spatial location. 11, 12 However, it is now appreciated that purely dynamical heterogeneity can be sufficient to cause conduction block during single-site stimulation in both homogeneous 1-dimensional models of canine heart tissue and in rapidly paced canine Purkinje fibers. A similar mechanism has been shown to precipitate conduction block and spiral breakup in models of homogeneous 2-and 3-dimensional tissues. 11, [13] [14] [15] [16] The period doubling bifurcation implicated in the transition to conduction block is manifested as alternans, a beat-to-beat long-short alternation in the duration of the cardiac action potential. [4] [5] [6] 17, 18 Previous investigators have hypothesized that alternans can be accounted for by a simple unidimensional return map called the action potential duration (APD) restitution function. 18 This hypothesis assumes that the duration of an action potential (APD) depends only on its preceding diastolic interval (DI) through some function a(DI) that is measured experimentally. If the APD restitution function has a slope of 1 or higher, then a period doubling bifurcation occurs for some value of the pacing cycle (BCL), where BCL = APD + DI. The velocity at which an action potential propagates (CV) can also be described by a restitution function, where CV = v(DI). More recently, other potential modulators of restitution, such as memory and calcium cycling, have been incorporated into formulations for restitution. 13, [19] [20] [21] Dynamically induced spatial dispersion of repolarization
It has been shown previously that the combination of a steeply sloped APD restitution function and a monotonically increasing CV restitution function is sufficient to produce dynamics conduction block during sustained pacing at a short cycle length. 11, 22 This observation may provide a generic mechanism for wavebreak and the onset of ventricular tachycardia (VT) and fibrillation. However, it is unlikely that the conditions used to demonstrate this phenomenon experimentally apply to the clinical situation, where the induction of ventricular tachyarrhythmias typically is associated with the interruption of normal cardiac rhythm by only a few premature beats.
Recently, we determined whether dynamical heterogeneity and conduction block occur in a computer model of canine heart fibers in which pacing at a slow rate is interrupted by 1 to 4 premature stimuli. 23 This protocol simulates the interruption of sinus rhythm by 1 to 4 premature ventricular complexes, a situation that can lead to the onset of ventricular fibrillation clinically. Furthermore, we determined whether the conduction block induced in this way can be accounted for by the same dynamics mechanism that underlies the development of conduction block during rapid pacing. A coupled map model of the heart tissue was used for the study, which allowed us to identify the roles that CV and APD restitution play in the development of dynamic heterogeneity. We also considered the additional contribution of cardiac memory to the development of dynamical heterogeneity and conduction block.
These studies indicated that a short-long-short-short coupling interval pattern of premature stimuli induced marked spatial dispersion of repolarization and conduction block. The dynamical mechanism for the development of block was the same as for the development of discordant alternans during sustained rapid pacing. This type of conduction block could lead to wavebreak and spiral wave initiation if it occurred in 2-and 3-dimensional tissue, provided the block was local. The development of local block would be facilitated in intact myocardium by twist anisotropy and intrinsic heterogeneity.
Other researchers also have examined certain aspects of this problem. Watanabe et al 12 demonstrated that a single premature beat is sufficient to cause spatial heterogeneity in the form of discordant alternans, whereas Comtois et al 24 have demonstrated that 2 properly timed stimuli after the passage of a propagating wave can produce unidirectional block and spiral wave reentry with a large window of vulnerability. Qu et al 25, 26 have conducted more extensive studies to determine how preexisting gradients in refractoriness interact with one or more premature stimuli to produce conduction block. However, general extension of these block mechanisms to 2 and 3 dimensions, their interaction with intrinsic and anatomical heterogeneity, and their relationship to the development of wavebreak, in either simulation or experiment, have yet to be extensively explored.
A theory for the development of conduction block after premature stimulation Recently, Otani 27 developed a method that uses the APD and CV restitution relations to generate predictions regarding which sequences of premature stimuli are most likely to induce conduction block and reentry. This method relies on the fact that when 1/v prevback is greater than 1/v(DI min ) at the stimulus site, block will occur for some finite range of the interval between the preceding and current stimuli. Here, v prevback is the velocity of the waveback of the preceding wave and v(DI min ) is the conduction velocity when the preceding DI is the smallest value that allows propagation. Thus, block occurs when the trailing edge of the preceding wave travels slower than the leading edge of the current wave, allowing the latter to encroach and terminate on the former.
To determine when this blocking condition will be satisfied at the stimulus site, we developed relationships between the velocities of the wavefronts and wavebacks of all preceding waves. These relationships are most easily obtained by considering space-time plots of action potentials propagating in one spatial dimension. Wavefronts and wavebacks may be represented as diagonally oriented trajectories in this type of plot, as shown in Fig. 1 . The intervening gray and white regions then represent the action potentials and DIs, respectively. The slope of the wavefront trajectory in this representation is of the form dt/dx and is therefore the inverse of the conduction velocity 1/v(DI). In general, the wavefront does not move with the same velocity as the waveback of the wave it is following; thus, the intervening DI has a spatial gradient that, from the lower portion of Fig. 1 , is the difference between the wavefront and previous waveback inverse velocities:
where v prevback is the waveback velocity of the previous wave. Similarly, the waveback and wavefront of the same wave also do not typically travel with the same velocity. In this case, it is the spatial gradient in APD that creates the difference. Thus, as suggested by the upper portion of Fig. 1 , this gradient is given by
where v(DI) and v back are the wavefront and waveback velocities of the same wave. Finally, the gradient in APD is related to the gradient in the previous DI through the chain rule:
where a′(DI) is the slope of the APD restitution function. We can now evaluate the blocking condition,
by repeatedly substituting Eqs (1-3) into Eq (4). Consider, for example, the case in which a series of action potential waves (S1) has settled down to constant CV, APD, and DI after a period of slow constant pacing, and then 4 premature stimuli (S 2 through S 5 ) are applied with DI S2 through DI S5 . By evaluating the condition (4) for this case, the S5 wave will block on the trailing edge of the S 4 wave when
is greater than 0. The form of this equation provides valuable information about the factors that produce block. The first term on the right-hand side tends to be negative because the CV at the critical DI, DI min , tends to be smaller than the velocities at large DIs. (This is always the case if the CV is not supernormal.) This term can be very negative if conduction is very slow at DI min . Thus, the block is less likely if the conduction slows substantially when a wavefront approaches the waveback of the wave ahead of it. In addition, for block to occur, the remaining terms on the right-hand side must be positive enough to offset this first term. These remaining terms all have the same form-they are all sign-sensitive differences in inverse velocities of pairs of consecutive waves multiplied by slopes of the APD restitution function.
This relationship between CV and APD restitution allows us to make additional observations. First, differences in the launch velocities of consecutive waves tend to promote or inhibit, depending on the sign, the block of subsequently launched action potentials. Second, these tendencies are either amplified or suppressed when the slope of the APD restitution function, a′(DI), is, respectively, greater or less than 1 for the DI of each premature wave launched. The slope need not necessarily be greater than 1 for block to occur; however, the factors that create block do tend to be enhanced or diminished, depending on the value of the slope relative to 1.
Canine model of sudden cardiac death
An attractive experimental model for testing the hypothesis that maximizing dynamically induced spatial heterogeneity of repolarization is conducive to the development of VF is the inherited sudden death model developed by Moise et al. 28 This model consists of a colony of German shepherd dogs that are afflicted with an inherited propensity for sudden death. Affected dogs have frequent ventricular arrhythmias, with those exhibiting VT having the highest incidence of sudden death. 28 As determined by ambulatory Holter analysis, affected dogs can have up to 50 000 ventricular premature beats and runs of rapid VT during a 24-hour recording period.
Two types of VT have been identified: (1) a rapid (heart rate N 300 beats/min), nonsustained, polymorphic form, and (2) a less rapid (heart rate b 250 beats/min), sustained, monomorphic form. 28, 29 The first type (85% of VT identified) is associated with sudden death and is frequently preceded by a pause. Moreover, this type of VT is most frequent during slow-wave sleep, rapid eye movement sleep, and between 4:00 and 7:00 AM. The average incidence of sudden death in affected dogs is approximately 33%. The reason why the remainder of these dogs does not develop VF despite the presence of many episodes of rapid polymorphic VT is unknown.
Important alterations in the ionic currents responsible for repolarization are present in these dogs, [29] [30] [31] including a decreased transient outward potassium current (I to ) and circumstantial evidence for decreased repolarization reserve. A reduction in outward repolarizing current presumably is responsible for the prolongation of APD and development of prominent early afterdepolarizations (EADs) in left ventricular Purkinje fibers of affected dogs. 32 The EADs are likely the cause for the initiation of the pause-dependent rapid polymorphic VT, the suspected initiator of VF. Abnormal T waves are seen on the surface electrocardiogram and are a reflection of the afterdepolarizations or the spatial inhomogeneity of repolarization among different regions of the left ventricle of affected dogs. 33 The latter could provide a permissive substrate for reentry arrhythmias as well.
Thus, the German shepherd model provides an opportunity to determine whether certain patterns of multiple premature beats (secondary to EAD-induced triggered activity) are sufficient to induce VF in the setting of significant intrinsic heterogeneity of repolarization. We have begun to investigate whether patterns of premature stimuli designed to maximize spatial dispersion of repolarization via augmentation of dynamic heterogeneity initiate VF in these animals. Moreover, we are also testing whether the spontaneously occurring VT cycle lengths in these animals typically do not induce VF because they do not augment dynamically induced spatial dispersion of repolarization sufficiently.
As an initial test of this idea, 5 affected German shepherd dogs were studied in the closed chest anesthetized state. Dynamic restitution relations were determined from monophasic action potential recordings in the right and left ventricles, and these data were fed into the mathematical condition described above to establish a relative risk for the induction of conduction block using various sequences of 4 premature stimuli. The preliminary results indicate that those sequences of premature cycle lengths that were predicted to induce conduction block by the mathematical algorithm were also the most likely to induce VF in the intact heart, whereas those sequences that were not predicted to precipitate conduction block did not cause VF. Further studies currently are in progress based on these encouraging results.
Future directions
The results of these studies need to be interpreted in light of the realization that cellular electrical dynamics is unlikely to be predicted with absolute fidelity by simple models and that provocative tests that yield useful information in one setting may not necessarily be useful in a different setting. Programmed stimulation to identify patients at risk for sudden death and to evaluate the efficacy of therapy to prevent sudden death has, of course, been tried previously, with very disappointing outcomes. 34 The mode of programmed stimulation used in the Cardiac Arrhythmia Suppression Trial (CAST) was designed primarily to probe intrinsic heterogeneity of refractoriness. In contrast, our approach is designed to provoke and to evaluate dynamical heterogeneity, alone or superimposed on intrinsic heterogeneity. It seems likely that although our preliminary experiments indicate that patterns of stimulation based solely on dynamical heterogeneity reliably induce VF, intrinsic heterogeneity may need to be considered more fully in order for useful predictions to be generated for diseased myocardium.
